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By Herman H. Bllerbrock, Jr. 
The problem of  investigating  air-cooled  turbine  performance 
is being analyzed. Suggested  methoda & investigating and analyzing 
data of such  turbines 80 that  performance  chamcteristlos can be 
ob.tained a m  being  developed.  Such an evaluation of a turbine 
requires  knowledge of the flaw characteristics  of  the  cooling  air 
in the blade cooling-air gassagea as the air proceeds from  the 
roots to  the  tips of the  blades. In the  investigation of a tur- 
bine, certah data m u s t  therefore  be  obtained and formulas devel- 
oped to  obtain  these f l o w  oharacteristics. 
The methods  that  are eqected to  permit  the  determination of 
pressure, temperature, and velocity  through the blade  cooling-air 
passages frm specific  investigations  that  must  be  conducted are  
pesented. Fomnulas are suggested  relating  these  chazacteristics 
to  certain  parameters. The f o m l a s  must  be  verified and the  coef- 
ficients appeerhg therein  evaluated by investigations  of cooled 
turbines.  Discuseions of work that leads to  the recanrmended for- 
m u l a s  are gimn In some cases. 
. 
DKCROEUC!IION 
Because very little  material  is  available on the  methoda of 
investigating  afr-cooled  turbines and analyzing the data obtained 
to  determine  their performance characteristics, a study of such 
methods  is  being  made  at  the HaCA Lewis laboratory. The current 
formulas for the  heat-transfer  aspects of the  air-cooled  turblne, 
which  must be evaluated  through  investigation f the  turbine,  are 
presented in reference 1. 
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The evaltaatian of the cooling and performance chasacterist ics 
of a turbine- (and of' an engine in  which the turbine may be used) 
with blades through which coolhg a i r  is circulated requires lmowl- 
edge of the oharacteristics d the cooling a i r ;  that  is, pressure, 
temperature, and velocity as the a i r  proceeds fram the  roots to the 
t i p s  of the blades. These characterist ics are required i n  t h e  
determination of such factors as the heat flow, blade temperatures, 
blade-to-cooling-air heat-transfer coefficients, and effective 
cooling-air temperatures. These factors  are Uscuesed In refer- 
ence 1, In  additim, the cooling-air characteristics are required 
t o  evaluate the work of pumping the air through the blades and the 
work requlred in  t h e  compressor to compress t h e  air  t o  the  preasure 
requlred at the blade roots. The turbine-pumping work is usually 
insufficient t o  raise the a i r  p a s u r e  from atmospheric t o  that 
required a t  the blade t i p   t o  permit the air t o  flow out of the blade 
and m i x  with the cambustion gas stream. The air m u s t  consequently 
be raised above atmospheric pressure a t   t h e  blade root by some 
means eeernal t o  the turbine, for example, by the compressor. If 
the required pressure is knawn, it i e  poereible t o  determine the 
bleedoff pofnt on the ompressor. In t h e  investigation of a tur- 
bine, certain data must be obtained and formulas developed EO that  
e v a l u a t i w  of the type discuased can be made f o r  variou8 flight' 
conditions. 
Fomulas for determining the cooling-air-flow characteristics 
in  the turbine-blade cooling-air passages are suggested herein. 
The formulae must be verwied and the  coefficients appear- therein 
evaluated by investigation of cooled turbines. Mscussione of work 
that leads t o  the euggested formulas are given in  some cases, so 
that readers unfamiliar with the subject may obtain some background 
knowledge. 
Mach Number in Blade Cooling-Air Passage 
A n  analyeis of the cooling-air flow through turbine blades based 
on one-dimensional flow has been developed (reference 2). The work 
in general  ia based on the analysis of Shapiro and Hawthorne (refer- 
ence 3); the main additions af reference 2 to t h i e  work I s  the 
evaluation of the  generalized body force in the equations of ref er- 
ence 3 for   the caae af e rotating body and the  method of numer- 
i ca l ly  solving the equations. F r o m  t h i s  analysis, the variation of 
Mach number of the air through the turbine-blade passage wag deter- 
mFned as . 
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( A l l  S p b O l S  used herein are defined in appendix A.) The terms Lf, 
Lp, and IA are influence coefficients equal t o  
For a cmtant -a rea  passage & s p m i e e ,  the last term of equa- 
tion (1) Wops out. 
In order t o  solve equation (I), the   f r ic t ion  factor must be 
bown so that f can be de terminsd for a,qy g i n n  conditions . 
Current theory is inadequate f o r  determining fg for the condi- 
t ions of flow as they exist Fn the rotating-blade coolant passages; 
therefore  the equation for the   f r ic t ion   fac tor  muet be established 
from Fnvestigatione of turbines. The steps Fnvolved are: 
(1) Obtain measuraments' af pressures and tempmtures in the 
turbine-blade cooling-air passagee; (2) me these data and equa- 
t i o n  (1) to calculate an average f for the flow conditions 
imposed; and (3) determine the empirical equation that applies t o  
these emrimental  values. The deta i l s  a re  dismssed in the fol- 
1- section. 
4 
Method of Obtaining Friction  Factor 
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In a typical turbine, presmrea and temperatures of the cool- 
ing a i r  in  the blade cooling-air passage are d i f f i c u l t   t o  measure. 
If these pressures and temperature were measured along the  blade 
span, some of the numerical integration procedure f o r  aolvlng 
equation (l), which is subsequently discussed, would be eliminated; 
but it is aesumed that, except for special turbine rigs, the max- 
Fmum FT1Eltmentation in the blade passaQes is l imited  to t h e m -  
couples and pressure tubes at the blade roots and t ips .  
merits It at is these therefore .pors.it.ions' as umed such- that .that. data *h7e are obtained .Eoh~-pr-e.ssures from measure- 
and t h e  8 t a t i c . d   t o t a l  temperatures a t  these positions e r e  
available  for a range af cooling-air f lave, a range of cooling-air 
temperatures and pressures, and aa wide 8 range a s  pOB6ible of the 
r a t i o  of average blade-wall temperature t o  average cooling-air 
s t a t i c  temperature. From these pressures and temperatures, the 
velocit ies and the  mch numbers at the blade root and t i p  are 
calculated. 
When the coolLng-air conditions a t   t h e  blade t i p   f o r  a given 
flow and so forth are known, equation (1) m u s t  be integrated step- 
wise (using about five steps) from t i p   t o  root. A convenient 
method of numerical integration is given in reference 4. When the 
cooling-air Nch number and s t a t i c  temperature a t  t h e   t i p  are 
known, influence coefficients can be oalouhted fram equations (2) 
t o  (4) or  obtaineU frum tables in referenoe 2. If f ive s teps  of 
the  Fntegmtion procese are  used, y w i l l  then equal the values 0, 
0.2, 0.4, 0.6, 0.8, and 1.0. For the f irst  s tep from y = 0 t o  
y = 0.2, the area ahange %/dy of the air pasaage can be deter- 
mined fman the geapnetry. In equation (1) for  the  fir& step, 
7 = 0 and the values of and 4 are those a t  the t i p .  The 
term at'a/w is determined from the equation (reference 2)  
where  
and where 
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A GZo/hiZi ( H i  becanes ff fins are  used in blade passage. 
See reference 1 fo r  r e l a t ion  between Hi and H f . )  
2, average outside  perimeter of blade, ( f t )  
21 average inside  perimeter of blade, (ft) 
=0 
H i  avemge coeff ic ient   for  convection  heat transfer f r o m  blades 
average coefficient for oonveotion heat transfer from cam- 
bustion gas t o  blades,  (gtu/(eq f t )  (%) (aec) ) 
t o  cooling a i r  based on blade-wall area and blade temper- 
atures, (Btu/(aq f t )  (-) (sec) ) 
Ln the d8t823IiZlatiOR of dT"a/dS f m  equation (5) fo r  t he  
first step, y = 0 and T'Ia is the value at  the t ip .  The inves- 
t igation  to  get   the  heat-transfer data can be mads at the same time 
as the cooling-air-flow  experiments so that &, H i ,  or Ef, and 
ence 1, canbe wed in the foregoing equations. 
%,e, values that are  calculated as shorn by methods in refer- 
A l l  of the terms f o r  sol- equation (I) f o r  %2/dy f o r  
the first  step from 7 = 0 t o  y = 0.2 are now ham except the 
friction fac tor  fo, which is the tern be- sought. As subse- 
quently discussed in greater   detai l ,   the   f r ic t ion factor i s  
eqec ted  t o  vary along the pssage from t i p   t o   m o t ;  however, the 
formulas for  the  variation cannot be obtained in tu rbhe  experi- 
ments, Wlth the type of hlstrmentation possible i n  turbines, 
only an average value for the peeage and a formula fo r  eltpressing 
t h i s  average value can be obtained. A value f o r  the avemge 
f r i c t i an   f ac to r   fo r   t he   en t i r e  passage from t i p  t o  root is come- 
quently assumed and inserted in equation (l), whioh is then solved 
f o r  w2/d;8 for the first step. 
The next step is to obtain the Mach  number a t  y = 0.8 f r o m  
When % is bwn at y = 0.2, the Fnfluence coefficients are 
determined agaln usin@; t h i s  Mach number, the area change from 
y = 0.2 to y = 0.4 is determined, & at y = 0.2 is found, 
and T"a is calculated fram the equation (equation (40), refer- 
ence 2) 
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(8) 
where 
K = 8 (T'1a,h-Tg,e-K2-Kz) 
-K 
w bw, (1+ A )  2 
K2 = - 
JgHo ZO 
T"a,h t o t a l  temgerature of cooiing air r e l a t ive  to  blade a t  m o t  
(obtained from measurements), ?R 
= %,a is based on the  average s t a t i c  temperature of the 
uooling air obtained f r o m  the measurements a t  blaae root and t ip ,  
Kl? and K3 remain unchanged fmm eip to  root.  With 
hm, d.T"a/dY is calculated from equatian (5). With these 
values and the aesumed value of f r i c t l an  f ac to r ,  w2/dy can 
&gain be calculated f o r  y = 0.2 from equation (I). The detailed 
pmoedure to follow until the uondi t lom at the  root &re obtained 
is explained in  reference 2. 
The values of cooling-air conditione obtained a t   t he   roo t  by 
t he  procedure described using the assumed value of' average f r i c t ion  
factor  are c m p r e d  with the  measured values. If theere values 
dieagree, a new average f r ic t ion   fac tor  is aserumed until agreement 
OCCUTB. This f r i c t ion  f ac to r  then applies to  the test conditions. 
This method is the only way known f o r  evaluating f 0 from the 
experiments. A.dixsct solution of fo fm equation  (1) a s  yet 
has not been obtained. The method given is lese tedious than it 
appeara because BO many terms in the equations remain constant. 
It should be pointed out  that changes in fo do not appreuiably 
affect q 2 / a y .  -11 error8 in data may consequently a w e  
large' variations in the value OT f obtained from the e q r i -  
mente in the manner described. 
The rigorous method of solving equatiane (5) (6), and ( 8 )  t o  
(11) is t o  uae local values cf the factore involved instead of 
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average values a t  each point along the blade span considered. The 
rigorous Sreatment i s  described in reference 2 and comparison of 
results of numerical examples ueing the rigorous and less-rigorous 
methods are deecribed therein.  Lit t le error results by the use of 
average values. 
Friction  factors can thus be determined from an investigation 
f o r  The ranges of conditions that are described. An equation m u 6 t  
be de temhed t h a t  w i l l  represent these factors, o r  in other words, 
correlate  the resu l t s .  
Friction-Factor C o r r e l a t i o n  
Before proceeding t o  a discussion of methods of correlating 
the  experimental f r i c t i o n  factors f o r  turbine-blade ooolant passages, 
a brief  discussion of hawledge obtained on f r ic t ion   fac tors   ins ide  
pipes and other configurations is given. Such background bnowledge 
provides suggestions for  possible methods of determining an empir- 
i c a l  formula o r  data  correlation from which the blade f r i c t i o n  
factors  c a ~  be determined for conditions  other than those investi- 
gated. 
When f lu id   en te rs  a tube; the f l o w  pattern or velocity  profile 
downstream of the tube M e t  continues t o  change as   the f l u i d  pro- 
ceeds a l o w  the tube until, -en the distance from the  tube  inlet  
has became suff ic ient ly  great, about 50 tube diameters, the flow 
pattern tend6 to  s tabi l ize .  DoMlstream of' t h i s  pint the velocity 
profile rema- unaltered. Upstream of the point where the veloc- 
i t y  prof il.6 becomes fixed., the   f r ic t ion   fac tor  varies appreciably; 
downstream of' this   point ,   the   f r ic t ion  factor  is independent of the 
distance fm the tube in le t .  There is evidence t h a t  the point a t  
which the  velocity  profile becanes fixed depends on the Reynolda 
number of the flow, the initial turbulence in the a i r  stream 
approaching the tube inlet, and the type of tube inlet. 
The values of f r ic t ion   fac tor  in the region with  fixed  veloc- 
i t y  ~ o f i l e ,  f o r  either laminar or  turbulent flow in this region, 
have been established with great accuracy by many investigators. 
For the inlet region where the  profile is varying, only scant data 
are  available on the friction-factor  variations  along  the  pipe 
length. Reference 5 gives a h i s tor ica l  background on the subject 
and reports further investigations. The results of reference 5 
indica t6 tha t  a great deal of work remains t o  be done before ade- 
quate formulae f o r  determining f r i c t ion   f ac to r s  in the  tube inlet 
are obtained. 
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For isothermal f u l l y  developed incompressible turbulent flow 
Fn smooth pipes over a limited range of Reynolds numbera from 
5000 t o  200,000, the following equation wel represents the great 
amount of data that has been accumulated (reference 6 ,  p.  119): 
With the use of the equationa for   veloci ty   dis t r ibut ion wfth f u l l y  
developed turbulent flow, von K&dn (reference 7 )  predicts the 
following relation between f o  and Re f o r  smooth pipes: 
Ilk - - 0.8 + 2 loglo Re .\/4f0 
which f i t s  the exper-ntal data f o r   f r i o t i o n  i n  m o t h  pipee and 
is reoommended for  extrapolat ion to  high values of Re. 
For isothermal laminar o r  streamline flow i n  a s t ra ight   c i r -  
CUM p i p  f o r  ful ly  developed laminar velocity profile, the pres- 
a w e  drop due to f r i c t ion  is  given by Poiseullefs law from which 
the   f r ic t ion   fac tor  becoslee 
16 
fo = R e  
Ln equations (12) t o  (14) ,  the Reyno1d.e number is 
and the friotion fac tor  is Bef ined as 
*Pf D 
which definit ion gives an "apparent" f r ic t ion  fac tor .  (For detai ls ,  
eee reference 5.) 
The forego- discuasion of cor reb t ion  formulas for 2ipee 
has been f o r  isothermal flow. In accordance with reference 6 ,  f o r  
the case of' heating or cooling ineide pipes the viscosity term in 
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Re should be based on a special temperature and then the sane 
formulas for f o  In isothermal f 'low can be used for non i so theml  
flow. For Re below 2100, t h i s  temperature i a  
T = average s t a t i c  temperature of f l u i d  + 
average surface temperature of pipe - 
4 
average s t a t i c  temperature of f l u i d  
a 
In an bmest iga t im on heat transfer and flow in pipee w-ith 
very hl& surface tempersturea (reference e), there is evidence 
that both p and p 8hould be based on the pipe surface tampera- 
ture for satiefactory correlation of the friction factor.  This 
phenomenon is similar t o  that occurring in  the correlation of the 
heat-trassfer coefficients discussed in  reference 1. In addition, 
from reference 8 it is evident that p in the def In i t ion  of fo 
(equation (16)) should be basea an the pipe-surPace conditions. 
Some analysis of the data of reference 9 on f low In pipes with 
r a t io s  of surface temperature t o  stream temperature ranging in 
some cases higher than 2 again showed evidence that  for  correla- 
t i on  purposes both p and p in Reynolds number should be based 
on surface temperature. The aaalyaie is  quite incomplete and is 
only  reported BB a guide. 
Aa in the case of Reynolds nmber determination for heat- 
transfer coefficients (referenoe l), lf' the passage is of non- 
circular cmas section the hydraulic diameter of the passage a 
I s  used as the dhension D in the Reynolds number for eval- 
uating fo, The hydraulic m e t e r  is equal to four times the 
cross-sectional area of the passage divided by the wetted per- 
imeter (fig. 1). 
For tubes of annular crosa section, the hydraulic diameter 
is equal t o  the diameter of the  outer pipe minue the diameter of 
the  FMer pipe. . O v e r  a wide range of Reynolds numbere with fully 
developed turbulent yelocity profile with such cm88 sections, 8 
formula similar t o  equation (12) is ,applicable,  the exponent of 
the Reynolds number being 0.2 a s  In equation (12), For tubes of 
azlnular cross sectfan, a wide dissimilarity of resu l t s  exiats,  - 
however, for the value of the conatant in equation (12). In 
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reference 6 (p. 123) the circular-pipe value of' 0.046 i a  used and 
i n  reference 10 a s l ight ly  lower value of 0.044 is suggested. I n  
references 11 and 1 2  a much higher value is advocated. In refer- 
ence 11, f o r  instance, it was determined from data that the value 
0.046 of circular  pipes should be increased by multiplying by t he  
factor  
where equals  a  function of the  pipe  diameters  that i s  given 
in  reference 11 as 
t =  
where 
Do diameter of outside  pipe 
Dl diameter a? i m i d e  pipe 
hbny of the methods of friction-factor  correlation i n  the 
foregoin@; discussion can be applied t o  turbine-blade coolant 
passages. In practice it is expected, f o r  instance, that the pas- 
sages will. always be noncircular, varying f m  approximately the 
blade ahape f o r  a hollow thin-yalled blade t o  an anaular eectian 
for 'the case of a,,hollow blade with 821 insert .  The treatment of 
such shapes Etnd status  of correlating  friction-factor data f o r  
them were coneequently brought out in the foregoing diecussion. 
The turbine-blade cooling-air passages can be expected t o  have 
in le t  ehapes a t   t h e  blade root varying from turbine t o  turbine and 
different length-to-diameter ratios. The length-to-diameter ratio6 
w i l l  probably in most cams be leea than that required t o  set up 
a fixed velocity wi le .  It can therefore be eqec ted  thst the 
f r i c t ion   f ac to r  w i l l  vary along the passage and that the average 
value f o r  the blades of one turbine may be quite different from 
that of another turbine. The establishment of' the l a w s  or for- 
mulas for  evaluating the friction  factor  spanwiss'and a8 a function 
. 
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of Reynolds number f o r  wide ranges of r a t i o  of blade temperature 
t o  stream temperature, flow rate, and so fo r th  would require a 
vast amount of Fnstmentat ion in the passages. Such instrumenta- 
t ion  would not only be impract ical   to   inatal l  but would c lu t t e r  up 
the blade paseragee of commercial turbines in such a manner as t o  
possibly make the measurements inaccurate. Such l a w s  must come- 
quently be established on large turbine  rigs  with large blades. 
Such a rig  for  air-cooled  turbine-blade  research is n m  being  fab- 
ricated at the Lewis  laboratory. 
The average f r i c t i o n   f a c t o r s   f o r  a given blade  configuration 
d e t e r m b d  by mbthoda given in the  previous  section from measured 
data at the  blade root and t ip   re f lec t   the   e f fec ts  of the   in le t  
shape, conditions upstream of the blade root, and the changing 
velocity profile as the a i r  proceeds through the blade. For the 
p q s e  of a turbine experiment, it is recammended tha t ,   f o r  cor- 
re la t ing pmpose8, these  f r ic t ion f a o t o r s  be plotted against the 
values of a Reynolds number of the cooling-air flow. Whether the 
data f o r   a l l   t h e  experiments w i l l  correlate on one curve depends 
in great measure on the method f o r  calculating  the Reynolds number 
of the coolbg-air flow. It is  recommended as a first trial tha t  
the Reynolds number be calculated in the same mRnner as given in 
reference 1 for evaluating the convection heat-transfer coefficient 
fm blade t o  cooling air. In reference 1, it is recommended that  
the  deneity and the  viscosity in the Reynolds number be based on 
conditions a t  the blade surface. 
Ln calculating the velocity t o  UBB' in the Remolds number, 
which is the average relative stream velocity Wa as brought out 
in reference 1, the average density of the   f lu id  stream in the 
cooling passages of the blades is required. This density in turn 
requlres knowledge of the average e t a t f c  pressure and t e m p e r a t u r e  
in the cooling passages. The methoda of detemnining t h i s  preesure 
and temperature are given in the following sectfon. 
Friction-factor data established and correlated a8 described 
serve two purposes: First, the data make possible the evaluation 
of performance of the turblne 04 which they were established; and 
second, the data -provide a means of checking general l a w s  o r  for-  
mulas eetablished on large r igs .  From these general formulas, it 
should be possible t o  calculate  the  variation of f r i c t ion   f ac to r  
of the cooling passage-spnwlse along the blade for Bpecific con- 
ditione and blade geomgtry of a given turbine,  to  integrate  these 
local f r ic t ion   fac tors   to   ob ta in   the  average friction factor ,  and 
then t o  compare them with the data obtained on the turbine a s  
described  herein. 
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The basic equation (equation (1)) is based on orn-dimensional 
flow, as pointed out, and as a coneequence has limitations. Scnne 
effects,  such as Coriolis effects,  may invalidate the analpis t o  
some extent but a t  present the equation is the beet that is avail- 
able. Thid equation i s  better than most equations t h a t  are 
obtained for similar flow problems where important assumptions are 
made that would cause great error In the   resul ts  for conditians as 
they exist i n  a turbine. 
Solutions  for Flow Characteristics 
From measurements a t  the blade root and t i p  in the cooling- 
a i r  passage and t h e  cooling-air flow, a l l  Cha~3Cter i8 t iCS,  s t a t i c  
and t o t a l  pressures, s t a t i c  and t o t a l  temperatwee, velocity, and 
mch number a t  each of these two positians, can be obtained. It 
was assumed that such measurements would be mads. 
Zn the integration of equation (1) stepwiee for the case 
where with a oertain assumed friction  factor  the  calculated Mach 
number at the root equaled the measured Mach number, both t o t a l  
temperature ani& Mach number of the coollng air a t  various st&- 
tions, y = 1, 0.8, 0.6, 0.4, 0.2, and 0, become available. 
Because of the verification of' experimental root Mach number with 
the aesmed fo, these total temperatures and Mach nmbers are 
true values and can be used to  calculate the other flaw character- 
i s t i o s   a t  these stations. 
When M, and are known at each s ta t ion,   the   ta t ic  
temperature c a n  be calculated fram 
The r a t i o  of epecific heats 7* should be based on Ta. At low 
Mach nmbers, TITg can be wed. At high Mach nmnbera, T", can 
be used first; then when T, i e  calculated, a correction can be 
made t o  ya and Ta can be recalculated. 
The velooity at each s ta t ion  can be obtainsd from 
r 
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The s t a t i c  pressure at  each s ta t ion  can be calculated f r o m  a 
cambination of‘ the perfect gas and continuity equations, or 
Ffnally, the  t o t a l  pressme at  each s ta t ion  i a  obtained from 
When average peseuxes, temperatures, o r  velocit ies are 
required, it is best t o  plot the values a t  each station against  
the diatance from the  root   to   the  s ta t ion involved, to   in tegmte  
the curve with a planimeter, and then t o  divide by the distance 
from root  to  t ip .  E the curves are pract ical ly  s t ra ight  lines, 
such d e t a i l  ia not required, but cases may occur where the  var- 
iation of 8 characteristic may be far frm linear  and errors 
resu l t  by arithmetically averaging either the  root and t i p  meaa- 
wed values or the caloulated s ta t ion  values. 
The formulas for determining the cooling-air-flow character- 
f a t i c s  of an air-cooled  turbine are summarized as follows. 
The variation of the  ooolhg-air  Mach number in the passage 
is determine& fram equation (1) and the influenoe coefficients 
therein are determhmd ustag equations (2) t o  (4). 
The last term of equation (1) ie eliminated when a cooling 
passage of oonstant moss aection is considered. Inaemuch ae 
measurements are maae at the  root aad t h e   t i p  of the blade cooling- 
air passage, the  actual Mach nmber a t  these point8 can be cal- 
culated. Variou8 average fr ic t ion faotora  are assumed f o r  equa- 
t i o n  (1) and the Mach number at the  root 9s determined and oompared 
v l th   the  value caloulated from the pressure and temperature meas- 
urements. The value of assumed f r i c t ion   f ac to r  that causes agree- 
ment is the experimental value to use. 
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In 
at y = 
ate2 t o  
dT Ira /d y 
the integration af equation (11, about f ive  step6 are ueed, 
0, 0.2, 0.4, 0.6, 0.8, and 1.0. The c-e in area from 
step is determined from the geometry of the blade and 
can be found from equation (5). A t  the t ip,  the TIr, 
value t o  use in equation (1) is the measured value and y = 0. 
For y = 0.2 and so forth, equation (8) is used to detemnlne Trra. 
The procedure for determining q2/dy f o r  the various y posi- 
t ions is given in reference 2. 
For iBotherma1 turbulent flow in Ermooth pipes, the correlation 
equation f o r  the   f r ic t ion   fac tor  is gfven by equation (12) and f o r  
laminar flow, by equation (14). The Reynolds number is defined by 
equatlon (E), deneitjr and dscosity being based on free-etream 
temperature. The f r i c t ion   f ac to r  based on free-stream conditione 
is defined by equation (16) and, as before, the density is based 
on free-stream conditions. In the case of pipes where e i ther  
heating .or cooling is encountered, the viscosity term in the 
Reynolds nmber of the equation of laminax flow (equation (14)) is 
based-on a temperature defined by equation (17).  For a Reynolds 
number greater than 2100, the constant 4 in equation (17) i s  
changed to. 2. 
Same references indicate that f o r  annular paasages the constant 
i n  equation (12) is much higher than 0.046 and should be inoreased 
by multiplying by the factor c t  defined by equatfon (18). The 
fautor 5 appearing in equation (18) is defFned by equation (19). 
As discussed in the analysis, there is evidence that the 
frictian-factor data can only be correlated by bas- the viscosity 
and the density on blade-sMace temperatures rather than the free- 
stream static conditions when the  ra t io  of eurface temperature t o  
stream temperature is much different from 1. 
When the Mach number .at the root has been calculated through 
use af equation (1) and equals the measured Mach number, the total  
temperatures and Mach numbers a t  the various y p a i t i o n s  chosen 
are known. With these known factors  and by means of equatione (20) 
t o  (23), the other flow conditions a t  theee poeitions can be 
calculated. ' 
Lewis Flight  Propulsion Laboratory, 
Cleveland, Ohio. 
National Advisory Committee f o r  Aeronautice, 
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The following symbols are used in thia report: 
cross-sectianal  area, 'aq ft 
blade height or span, ft 
specific heat at  constant prsssure, Btu/(lb) (?I?) 
diameter, ft 
hydraulic diameter 4A/2, ft 
apparent  friction  faotor based on stream  conditions  outside 
boundary layer (See equation (16).) 
ratio of gravitational force to absolute wit of mass, 
~ b / s l u g ,  or acceleration due to grrtvJty, ft  /secz 
average convection  heat-tran&er  coefficient , 
Btu/(sq ft) (9) (sec) 
influence  coefficient, 
1-%Z 
mechanical equivalent of heat, 778.3 ft-lb/Btu 
r 
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O%a (l+X)(b+%) cpJa O%a2 ( l + X ) 2  
=3 = 
JgHo’lO 
- 
J@o 2 0  
2 2  
L 
2 
M 
P 
P 
A?P 
R 
Re 
r 
T 
T” 
V 
W 
X 
Y E  
7 
A -  
pipe length, f t  
perimeter, f t 
Mach number 
static peeewe, lb/sq f t  absolute 
t d t a l  prkure  re lat ive t o  moving blade, lb/eq f t  abeolute 
f r io t ion  pressure drop, l b  (force) /sq f t  
gaa conatant, ft-lb/(lb)(?E’) 
Reynolds number (See equation (15). ) 
radius, f t  
s t a t i c  temperature, OR 
t o t a l  temperature re la t ive   to  moving blade, ?R 
abeolute velocity, ft/seo . 
veloci ty   re la t ive  to  moving blade, f t /eec 
weight flow, lb/sec 
rT-rx 
b 
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c *  A DO 
DI. 
- + 1  
0 anguLar velocity, radl8ns/sec 
Subscripts: 
0 stream conditions  outside of boundary lapr 
a coolfng air 
e effective, used srfth s p b o l  for temperature and denotes tem- 
perature effecting heat transfer 
f finned blades, o r   f r i c t i o n  
g cambustian gas 
h blade root 
i inside 
T blade t i p  
X point along blade epan 
Figure 1 shms the dimensions of a hollow blade 88 used in t h i s  
analysis. 
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( a )  Elevation o f  h.ol1ow blade. 
.. . . . .. 
Cool i n g-a 
sect  1 onal  
i r cross-  
f l  ow area, A, 1 
( b )  Cross   sect ion o f  
t y p i  cal hol 1 ow bl ade. 
"= 
F i g u r e  I .  - Sketches s h o w i n g  dimensions o f  typical h o l l o ~  a i r -  
cool e d  t u r b i  ne bl ade. 
. 
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